Abstract By utilization of different excitation power sources, linear plasma sources can be differentiated into DC, RF, VHF, microwave and dual frequency types. Through installing several linear plasma sources in parallel or adopting the so-called roll-to-roll (air-to-air) process, scale uniform linear plasma sources were realized and successfully applied to the deposition of large area uniform dielectric thin films. Furthermore, the magnetic field system can effectively reduce the recombination losses on the wall of the vacuum chamber and enhance the plasma density. Linear plasma sources with approximately one square meter deposition area with the plasma density of 10 11 cm −3 have been developed, some of which have been used for the deposition of dielectric layers and large area plasma etching.
Introduction
Uniformity and high density are two key factors in the large scale plasma sources which have been extensively used in many fields such as semiconductor industry, package industry, photovoltaic industry, displays and so on. So there is a constant demand to improve plasma source performance. For example, the size of flat panel displays (FPDs) is increasing year by year, expected to reach 3000×3320 mm 2 (11th generation) in the near future [1−4] . The semiconductor industry also demands larger diameter silicon wafer for higher production efficiency. Therefore, uniform large area plasma source technique is becoming more and more indispensable. High density plasma sources have been extensively explored too. Plasma processing techniques, for instance, plasma enhanced chemical vapor deposition (PECVD) and plasma surface modification require higher and higher plasma density. In general, there are two problems need to be overcome; one is the low plasma density. As is known, plasma density above 10 13 cm −3 is rarely achieved under low pressure conditions except for helicon plasma. The other one is the poor uniformity. Large area PECVD method usually suffers poor uniformity in film thickness and unacceptable thin film properties.
Many efforts have been made to resolve the problems mentioned above.
Firstly, a wide variety of power sources such as DC, low frequency (∼500 kHz), radio frequency (∼13.56 MHz, RF), very high frequencies (∼60/500 MHz, VHF), radar range frequency (∼2.45 GHz) and combination power sources, have been applied in plasma processing techniques [5−12] . Experiment results indicated that plasma density and deposition/etching rate increased with frequency. Stephan et al. found that higher deposition/etching rates but lower particle generation, reduced ion bombardment and lower breakdown voltages occurred when the radio frequency increased from the conventional 13.56 MHz to VHF [13] . Meanwhile, the use of VHF plasma sources led to two essential problems: a. higher frequencies could generate standing waves and evanescent waveguide modes, causing non-uniformity of the film thickness; b. the plasma power was limited due to high power losses on contacts and transmission lines as frequencies and generator powers increased [13] . Secondly, more superior discharge configurations like capacitively/inductively coupled plasma (CCP/ICP) with electrodes or nonelectrodes and dielectric barrier discharges plasma (DBD) were adopted [14−18] . For instance, Liu et al. used a barrier discharges experimental setup for lowpressure and large-area (400 mm×600 mm) surface modification of polymer (LP DBD) [14] . Thirdly, magnetic field confined/enhanced discharge method was used. Taking microwave plasma sources as an example, we can adopt either the disperse magnetic field configuration or the multi-polar magnetic field configura-tion. All these technologies are used for the same purpose: obtaining large area uniformity and high-density plasma sources.
In recent years, a kind of line-shaped plasma sources arouse widespread attention [19−27] . Compared with traditional large area (two-dimension, 2D) and large volume (three-dimension, 3D) plasma sources, linear plasma sources just need to generate uniform and highdensity plasma in one-dimensional direction. This kind of long line-shaped plasma can be used for large area plasma processes in two ways: one is to array several linear plasmas in parallel, and the other is the so-called roll-to-roll (air-to-air) process. This linear configuration can greatly reduce difficulties in large area film deposition, and be conducive to realize rapid and continuous development in multi-processes thin film deposition. Therefore, line-shaped plasma sources are more advantageous on material processing in manufacturing industry [28−42] . In this review, the research progress of the line plasma sources is briefly presented, and then the characteristics and applications of several kinds of linear plasma sources are discussed.
2 The linear plasma sources
Linearly arc plasma sources
It has been realized that arc plasma possesses high degree of ionization and high plasma density. All these advantages determine that the arc plasma is a promising candidate for different applications. Linearization makes it suitable for large area processes. Volkmar Hopfe et al. developed and evaluated a new type of DC powered plasma source (linearly extended DC arc discharge, LARGE) for continuous PECVD under atmospheric pressure (AP-PECVD) [43] . AP-PECVD processes, which do not need complicated and expensive vacuum equipment, are quite suitable for continuous production lines. This advantage makes it a promising path toward low cost technologies for large area film deposition. Among many kinds of methods for AP-PECVD, DC ArcJet-CVD is the most important and potential one. The advantage of DC ArcJet-CVD is the production of high energy plasma (T >10 4 K). The schematic of flat-panel plasma processing of a work piece and the mechanism of vertical and horizontal stability of the arc with magnetic field confinement are demonstrated in Fig. 1 . The flat uniform plasma sheet is generated by electric arcs of equal length. The flow of discharge gas is orientated perpendicular to the arc axis. The arc is centered by Lorentz force generated by permanent magnets in the horizontal direction and wall stabilization in the vertical direction. The plasma sheet is up to 450 mm width, and can be operated with different gases. The dynamic and static deposition rates are in the range of 0.1-1.0 nm·m −1 ·s −1 and 5-50 nm·s
respectively, which approach the values of the state-ofthe-art industrial PVD technologies. Linaschke et al. proposed an atmospheric pressure linearly extended DC arc plasma source for in-line plasma etching [44] . This linear DC plasma source with magnetic field confinement has many technological and economic advantages. In technological aspect, this plasma source can process temperature sensitive substrates and deposit much wider range of layer materials, expanding the range of application fields. In economic aspect, the in-line plasma etching processing can substantially reduce the costs and increase throughput.
One kind of linearly radio frequency arc plasma sources named linearly arc discharge (LAD) was introduced by Bardos et al [45] . The LAD system is schematically showed in Fig. 2 . Two parallel titanium hollow cathodes of 100 mm long are installed in the holder with a 2-5 mm distance gap. The gas nozzles are placed on the inner sides of the plates. There are two arrays of permanent magnets located at the outlet part of the cathode, providing a confining magnetic field perpendicular to the plates. The LAD system can realize large area plasma processing because the cathode slit is convenient to separate the magnetic field. The experiments indicated that a very high deposition rate of TiN films was achieved by introducing a small amount of nitrogen into the argon flow. 
Internal-type linear ICP sources
The traditional inductively coupled plasma (ICP) sources with external spiral-type coil [6, 7] , which are broadly investigated in the field of plasma processing such as surface modifications and PECVD, have relatively high dissociation rates and processing effect [46] . However, when the ICP sources are used to process extremely large area substrates, it faces challenges. As the substrate area increased, the impedance of the antennas became larger, which would cause a high RF voltage on the antennas. And the high RF voltage could reduce the power transfer efficiency. Large area plasma processing can be realized by capacitively coupled plasma (CCP) methods. But the greatest disadvantage of CCP is low plasma density which leads to a low processing rate. Therefore, a new type of ICP sources is designed to solve the problem of enormously large area plasma processing without sacrificing the plasma density [47−49] . One of the solutions is to use internal type antenna linear ICP sources, which could mitigate the drawbacks caused by the thickness of dielectric materials well [50, 51] . The antenna configurations include serpentine type, comb/double-comb type and U-type and so on [52−60] . One kind of this linear antenna ICP sources is schematically shown in Fig. 3 [ 21] . According to the direction of current, the internal type linear antenna arrangements can be divided into parallel antenna arrangement and anti-parallel antenna arrangement. There is close correlation between the plasma uniformity and the spatial distribution of the induction component of electric field in an ICP system [61] . The simulation results show that the properties of antiparallel antenna configuration are more favorable for larger plasma procedure. By following this approach, the plasma density can be higher than 2×10 11 cm
−3
15 mTorr when the RF power is 5000 W and the working gas is Ar. Fig.3 The schematic of internal linear inductively coupled plasma (ICP) sources and two different configurations (parallel and anti-parallel antenna arrangements)
Kim et al. also found that the internal-type linear ICP source with multi polar magnetic field confined/enhanced could improve the uniformity and density of plasma [62] . Using the multi polar magnetic field could also lower the antenna voltage, which decreases the possibility of contamination. As a result, the plasma density increased by more than 50% compared to the one without magnetic field. The reason for improvement of characteristics is believed to arise from the rotation of the electron.
To achieve better performance, varieties of antenna arrangements and higher frequencies (such as VHF) have been adopted to realize uniform large area and high-density linear plasma sources. All experimental results indicate that the plasma density increases while the uniformity of plasma density decreases. Optimized designs need to be developed.
Microwave linear plasma sources
Compared with DC and radio frequency linear plasma sources, microwave linear plasma sources have such outstanding features as low electron energies and high charge carrier concentrations of ion, which destine that microwave linear plasma sources are very suitable for depositing thin film. Moreover, it can provide higher cut-off density plasma (2.45 GHz, 7.45×10 10 cm −3 ) and has the advantage of high deposition/etching rates. However, the non-uniformity of deposition rates increase when higher frequencies are adopted, due to the generation of evanescent waveguide modes (TE waves) and standing waves (TEM wave) at the electrode surface. Therefore, the area and the uniformity of plasma deposition/etching systems are limited. These limitations prevent the applications of microwave PECVD in large area film deposition. Linear microwave plasma sources, which combine the advantages of line-shaped plasma and microwave plasma, have gained widespread attention in recent years [63−67] .
The experimental apparatus of rectangular waveguide and coaxial configuration linear microwave plasma sources are schematically shown in Figs. 4 and 5, respectively [19, 65] . In Fig. 4 , long line shaped microwave plasma is produced by applying a narrow rectangular waveguide. According to the research published by Takayuki Fukasawa, two types of narrow waveguides were fabricated: a slit type and a cavity type. The waveguide was produced with internal dimensions of 500 mm in length, 62 mm in width and 5 mm in height. In cavity type waveguide, a quartz tube was set in the waveguide as a discharge tube. Helium gas was introduced into the tube throughout the orifices of the waveguide. In slit type waveguide, there was a slit on its side. The discharge tube is set beside the slit using helium gas as working gas. Uniform line-shaped plasmas were generated by varying the microwave power and the width of the waveguide in both types of lineshaped plasmas [19] . Fig.4 The schematic of linear waveguide conducted microwave plasma sources and two types of waveguide (cavity and slit ) Fig.5 The schematic of coaxial microwave line plasma source
Coaxial plasma line source proposed by Liehr, was schematically shown in Fig. 5 . This kind of plasma source could overcome the drawbacks in most types of microwave plasma sources. Microwave power was transferred into a chamber by a coaxial transmission line in the TEM mode. Through installing several coaxial line in parallel, large area plasma sources can be realized for thin film deposition.
Other methods of large area plasma processes using linear plasma sources
Linear plasma sources can be used for large area plasma processes in two ways: the one is arraying several line plasmas in parallel, as presented above; and the other is the so-called roll-to-roll (R2R) process. Since the latter suits for commercial (scale) production, R2R process is the most common application of linear plasma sources. A mobilizable substrate is the typical characteristic of R2R systems. Fig. 6 showed a linear radio frequency R2R system. This system with mobilizable substrate can be applied to both PECVD and plasma etching processes [24] . The dimension of this source is 1 m or more. Moreover, it has been applied to silicon nitride deposition and hydrogen passivation of photovoltaic cells. As showed in Fig. 7 , a linear microwave R2R system and its application on the film deposition were also presented by Schlemm [68] . Fig.6 The schematic of magnet-enhanced linear RF plasma sources Fig.7 The sectional view of magnet-enhanced linear microwave plasma sources
John Madocks et al. deposited barrier films on PET film for packaging applications by using a new high density plasma source, which was termed as the penning discharge plasma source (PDP) [69] . The new PDP source adopted a novel magnetic field/electrode configuration that confined the electron Hall current next to the substrate. By confining the Hall current, uniform and high density plasma was produced over varieties of substrates. The schematic of the PDP source is shown in Fig. 8 . The PDP source was used to deposit silicon alloy films on PET film in an R2R web coater. In addition, the water vapor transmission rate barrier measurements showed that the PDP source films were comparable to earlier published PECVD films. Fig.8 The schematic of roll-to-roll Penning discharging Dual frequency linear plasma sources are a common configuration of linear ICP sources for large area plasma processes. As mentioned above, ICP sources are promising candidates for a variety of high density plasma sources [70] . Although ICP sources are easily accessible to a large area, the capacitive coupling to the plasma and standing wave effect become significant when the source's size is larger than one meter. Therefore, in order to solve these problems, variety of power sources and various ICP sources antenna configurations were studied by many researchers [71] . Dual frequency mode, which combines the advantages of uniform large area in low frequency mode and high plasma density in high frequency mode, has been applied to CCP sources and internal linear-type ICP sources for obtaining uniform large area and high-density plasma sources [16, 72] . As showed in Fig. 9 , a dual frequency system comprised of 2 MHz and 13.56 MHz was employed to an ICP system, which comprised of five linear internal type antennas proposed by Gweon et al [16] . An improvement in plasma uniformity could be obtained by applying this dual frequency mode. The addition of 13.56 MHz power to the 2 MHz RF power can increase the plasma density without increasing the electron temperature. Dual frequency mode can effectively improve the plasma uniformity. The reason may be the generation of complicated electric field. Different kinds of linear plasma sources have been presented above. Typical ones of them are summarized in Table 1 . The low-pressure DBD can provide large area plasma for uniform surface modification of polymers [14] . Various other kinds of linear plasma sources can provide large area uniform plasma under the condition from very low pressure to atmospheric pressure. With a magnetic field applied, the process pressure can be dropped significantly. Dual frequency plasma power can efficiently improve the plasma uniformity [16] . Moreover, these plasma sources have been applied in wide domains ranging from solar cell to polymers film.
Conclusion
Linear plasmas sources have attracted widespread attention in recent years. These plasma sources just need to generate uniform and high-density plasma in one-dimensional direction. Moreover, this kind of long line-shaped plasma can be used for large area plasma processes in several ways: one is to place numerous line plasmas in parallel, the other is so-called roll-toroll process by using single line plasma. This article reviews several kinds of linear plasma sources used in the film deposition over a large area, including pure DC, low frequency, radio frequency, VHF frequency, microwave and dual frequency linear plasma sources. By adding a magnetic field, the plasma density and stability can be enhanced effectively. All these methods are used for obtaining satisfactory uniform large area and high density plasma sources. For these two outstanding features, linear plasma sources with magnetic enhancement/confinement have shown enormous potential for plasma etching and deposition of various kinds of thin films. [24] DBD [14] MWPECVD [43] DC [45] -frequency [16] Area (cm 2 ) 100×100 40×60 20×100 -88×66 
